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We present experimental results on the conductance of a two-dimensional electron System of f i l l ing
factor i/2i) in the fractional quantum Hal l regime, containing a constricted region of Iower f i l l i n g factor
v,. Conductance f luctuat ions are observed äs a function of the voltage on the gate defming the con-
striction. The temperature dependence of the fluctuations exhibits three distinct regimes, governed by
v,. For temperatures below 100 mK, and for vi»= y , one anomalous peak increases to a value above
the quanti/ed conductance V2o(e2/h) of the bulk.
The two-terminal conductance G of a noninteracting
two-dimensional electron System (2DES) is limited by the
number N of quantum channels times e~/h. The max-
imum N(e~/h) is observed only in the absence of back-
scattering. This is the basis of the edge-channel formula-
tion of the integer quantum Hall effect,' where both the
Hall conductance GH and G are quantized to the value
Λ'2ΐ)(ί' 2/Λ), where /VSn is the number of edge channels at
the Fermi energy (or equivalently the number of Landau
levels below the Fermi energy).
In the fractional q u a n t u m Hall effect (FQHE), G// and
G are quantized at v^^e^/h) where the f i l l i n g factor vi_n
is equal to one of a series of fractional values. An Inter-
pretation of v2D in terms of edge channels has been formu-
lated b> several authors. 2" 4 These theories take the form
of a Landauer formula, in which the quantum channels
contribute with a fractional weight. In Refs. 2 and 3 all
weight factors are positive. This implies for the two-
terminal conductance C of a constricted 2DES the in-
equal i ty
G < (1)
MacDonald4 has provided an alternative description of
the FQHE involv ing positive äs well äs negative weight
factors, corresponding to electron and hole channels, re-
spectively. In this formulation, G can in principle exceed
VT\-)(ef/h). Experimental results consistent with the ex-
istence of fractional electron channels have been report-
ed,''"8 but fractional hole channels have not yet been ob-
served. This paper reports a violation of Eq. (1) that may
be indicative of the selective refiection of hole channels,
but not in a way that has been anticipated theoretically.
A schematic drawing of the device is shown in the inset
of Fig. 1. A Standard Hall bar of width 400 μηι and
length 860 //m is fabricated by etching a mesa on an
A l , G a i - x As/GaAs heterostructure with a 2DES of ex-
tremely Iow density (4 .5x lO U ) c m ~ 2 ) and high mobility
( 5 x l 0 6 c m 2 / V j ) . Measurements of the Hall conduc-
tance show well-defined fractional plateaus at v2\->
== τ , τ ,
t, and τ wi th v a n i s h i n g longitudinal resistance at τ and
τ and nonzero but well-defined minima at τ and |. A
narrow channel is formed near the center of the Hall bar
by applying a gate voltage of Vg < —0.3 V on a split gate
of l i thographic width varying from 0.5 to 1.5 μιτι and
length 8.5 μιη. All measurements are made with a double
ac lock-in technique using an excitation voltage below 5
μ V'. The diagonal four-terminal conductance G24. n is ob-
tained by passing current between contacts 2 and 4 and
measuring the voltage between contacts l and 3. This is
equivalent to an ideal two-terminal conductance measure-
ment in which the nonideal contact resistance has been el-
iminated. 9
Figure l shows the results of such a conductance mea-
surement äs a function of gate voltage at B =5.7 T for six
temperatures between 45 and 200 m K. The filling factor
in the bulk of the sample is V2D = l, independent of VK.
For K,, ;$ —0.40 V, a series of conductance fluctuations is
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HG I . Conductance äs a function of gate voltage for six
dilTerent lemperatures (45, 70, 80, 95, 120, and 200 m K, from
top to bollom) at ß=5.7 T ( V I I > = T ). The dotted l ine shows
the conductance with Vv—0, and is ~ { ( e ~ / h ) . The conduc-
tance of one peak approuches e2/h, exceeding the bulk conduc-
tance. Inset: Schemalic drawing of device geometry with the
gates shaded and the contacts labeled 1-4. The magnetic lield
points in to the page.
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As the temperature is decreased, most of the conductance
peaks approach, but do not rise above, the bulk conduc-
tance τ (e~/h), shown äs a dotted line in the figure. One
peak, however, rises well above this value, approaching
e2/h at 45 mK. The height of this anomalous peak is
strongly temperature dependent, dropping below the bulk
conductance at 7—120 mK. The excess conductance
peak was also measured two terminally, using either con-
tacts l and 3 (Gn) or contacts 2 and 4 (G24). In both
cases the peak height was stil l considerably higher than
the bulk conductance, but lower than in Fig. l , due to the
contr ibution of the contact resistance.
This excess conductance peak was discovered in the
course of a systematic study of the magnetic field, gate
voltage, and temperature dependence of conductance fluc-
tuat ions of a constricted 2DES in the fractional quantum
Hall regime. The results of this study are shown in Figs.
2-4. In Fig. 2(a), the conductance versus gate voltage at
45 mK is shown for a number of magnetic fields. The
anomalous conductance peak is the dominate feature at
higher fields. The traces show a region of slowly decreas-
ing conductance with a sequence of part ial ly formed pla-
teaus, followed by a region of sharp reproducible fluctua-
tions. The f luctuat ions are reproducible from run to run ,
but not among different samples. On increasing /?, the on-
set of the fluctuations shifts to less negative Vv. To the
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HG 2 (a) Conduclance äs a lunc t ion of gute voltage mea-
sured at ten magnetic lields from 2.2 ( ν ΐ ΐ ) = 0 8 5 ) to 5 8 T
(v:i)=0.32) The trace at B =5 8 T is plotled w i t h no olTset,
each successive trace, corresponding to a decrease of 0 40 T, is
olTset from Ihc previous onc by 0 2(e~/h) (b) Conductance äs a
lunc t ion of Vv at ß=5.0 T ( v 2 i > = 0 3 7 ) for Γ=45 (solid l i n e )
and 200 mK (dotted l i n e ) The tempcralure dependencies of Ihc
cxtrema l - l l are plotted in h ig. 3.
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HG 3 Conductance öl selected (a) nimima and (b) maxima
Irom Hg 2(b) äs a funct ion of temperature. Increasmg mdex
mdicates decreasmg Vv or increasing f i l l i n g factor v, m the con-
stnction Three dilTerent types of temperature dependencies
muy bc dis t inguished (see lext)
γ (e 2/h), is observed in a number of the traces. This sug-
gests that the fluctuations only occur for f i l l ing factor
v< ;S j in the constriction. The pattern of f luctuations it-
self hardly varies with magnetic field, except for small
shifts . We conclude that the position of an i n d i v i d u a l
peak is determined by VK and thus by the density in the
constriction, w h i l e the onset of the f luctuat ions is deter-
mined by the filling factor v(.
In Fig. 2(b), the conductance trace measured at 5.0 T is
plotted separately, for 7=45 (solid l ine) and for 200 mK
(dotted l ine). It is clear t h a t most of the structure seen at
45 m K has disappeared at 200 m K. In order to obtain a
more detailed temperature dependence, the conductance
has been measured at a number of temperatures between
45 and 700 mK. The results are plotted in Figs. 3(a) and
3(b) for the maxima and m i n i m a marked l through 1 1 in
Fig. 2(b), in order of increasing v,. Three different types
of temperature dependence in Fig. 3 may be dist inguished,
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HG 4 Conductance öl Ihc (a) m m i m u m and (b) maxnnum
lubeled 3 in Hg 2(b), äs a funcl ion of temperature for eleven
equal ly spaced magnetic lields ranging from B = 3 0 (v:i)=0 62)
to 5 O T (v2\i=0 37) Note the s imilanly to Hg 3.
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temperature is reduced in the high v, regime, the maxima
increase sharply below 100 mK, whereas the minima in-
crease gradually. In the Iow v,· regime, both the maxima
and the minima decrease gradually. Finally, in the inter-
mediate v< regime, the minima decrease sharply while the
maxima are strongly enhanced. To show that the three
regimes are determined by filling factor rather than by
density, the temperature dependence of the extrema of
peak 3 are plotted in Figs. 4(a) and 4(b) for eleven equal-
ly spaced fields between 3.0 and 5.0 T. The qual i ta t ive
s imi lar i ty between Figs. 3 and 4 is striking. This proves
that transit ions among the three regimes of different tem-
perature dependence may be achieved by either an in-
crease in density or a decrease in magnetic field, both of
these changes corresponding to an increase in f i l l i ng fac-
tor.
There are a number of possible mechanisms for conduc-
tance fluctualions in a narrow constriction in high mag-
netic fields. These include ( l ) resonant backscattcring of
electrons through a state localized on an impurity;1 0 (2)
Coulomb blockade oscillations due to tunnel ing through
two potential barriers in series;""'1 (3) p inn ing and de-
p i n n i n g of a charge density wave. I 4 > 1 5 The three types of
temperature dependence observed at different values of v,
(Figs. 3 and 4) suggest that more than one mechanism is
responsible for the f luctuations that we observc. In the
Iow v, regime, the Coulomb blockade or charge-density
wave models are the most appropriate, whereas for high
v, a description in terms of resonant backscattering may
be adequate.
The excess conductance peak lies in the high v, regime.
The peak height exceeds the bulk conductance for a cer-
ta in ränge of magnetic iield values only. Figure 5 shows
the peak conductance and the 2DES conductance (for
YK—Q) versus B. As a function of decreasing magnetic
Iield, in a ränge where the bulk conductance remains
w i t h i n 10% of τ ( i 'VA), the conductance peak is seen to
decrease in a stepwise fashion, with plateaus near
l (c· 2/A), t (ί·2/A), and τ (ί· V A ) . These mcasuremcnts
were made at 45 mK, which is our Iowest obta inable tem-
perature. Addi t ional experiments at lower temperature
would be needed to prove that the conductance actual ly
saturates on these plateau values.
We do not have a def init ive explanation for the excess
conductance, which violates Eq. (1). Bi i t t iker ' has point-
ed out that the two-terminal conductance of a short, wide
sample in the integer q u a n t u m Hall regime can exceed
N2\)(e2/h) due to conduction along paths percolating
through the b u l k of the sample. In our case this would rc-
quire a macroscopically large correlation length of the im-
puri ty potential greater than —400 /(m. It is then con-
ceivable that the formation of a constriction could modify
the location of percolating paths and thereby give rise to
the excess conductance observed in our experiment.
An a l ternat ive Interpretation is in terms of reflection of
hole channels at the constriction. It is important to note
that if all sample edges are in local equi l ib r ium, the b u l k
2DES can be treated äs an Ohmic conductor in series with
the constriction. In this case the series conductance G
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FIG. 5. The excess peak conductance (solid line) and the
conductance at VK =0 (dotted l ine) äs a function of mugnetic
Iield for T =45 m K. As the mugnetic Iield varies over the {
plateau of the unconslricted 2DES, pluteaus in the peak conduc-
tance are observed near l ( i '2 /h) , \ (c2/h), and \(e2/h). Insel:
Depiclion of possible mechanism for producing the observed ex-
cess conductance peak (see text).
law. Violation of Eq. (1) , therefore, requires the absence
of local equi l ibr ium at some of the sample edges. These
ideas are illustrated in the diagram in Fig. 5, which shows
one electron channel (solid line) tunnel ing resonantly
through a constriction and one hole channel (dashed line),
which is reflected. Equilibration occurs only at two of the
four distinct edges of the sample (indicated by a shaded
circle). The electron and hole channels contribute to the
Landauer formula with fractional weight factors α > 0
and — ß<0, respectively, where a — ß = v2D- The dia-
gram in Fig. 5 corresponds to a conductance G=a(e2/h)
which exceeds the bulk value ( a — ß ) ( e ~ / h ) =V2v(e~/h)
obtained in the absence of the constriction. The experi-
mental data in Fig. 5 suggest the presence of two hole
channels, each having weight factor |, and one electron
channel, with weight factor l, such that V2» = l ~ l
— τ = τ · Reflection of zero, one, and two hole channels
then increases the conductance from | to τ to l *e> 2/A.
In conclusion, we have observed conductance f luctua-
tions äs a function of the voltage on the gate defining the
constriction in a 2DES in the fractional quantum Hall re-
gime. The temperature dependence of the fluctuations äs
well äs the gate voltage beyond which they are observed
are shown to be governed by the l i l l ing factor in the con-
striction. One anomalous peak exceeds the conductance
vm(e2/h) of the bulk 2DES. This excess conductance
cannot be understood in terms of the present edge channel
formulat ion of transport in the fractional quantum Hall
regime.
The authors would like to thank M. A. A. Mabesoone
and C. E. Timmering for expert technical assistance, L.
W. Molenkamp and A. A. M. Staring for useful discus-
sions, and M. F. H. Schuurmans for his support and in-
terest. This research was partly funded by the ESPRIT
basic research action project 3133.
45. OBSERVATION OF EXCESS CONDUCTANCE OF A . . . 3893
Present uddress: Department of Electronics and Electrical En-
gineering, University of Glasgow, Glasgow G12 8QQ, United
Kingdom.
^Present address: Department of Physics, University of Not-
t ingham, Nott ingham NG7 2RD, United Kingdom.
1 For a review see M. Bütliker, in Semiconductors and Semimet-
als, edited by M. A. Reed (Academic, Orlando, in press).
2C. W. J. Beenakker, Phys. Rev. Lett. 64, 216 (1990).
3A. M. Chang, Solid State Commun. 74, 871 (1990).
4A. H. MacDonald, Phys. Rev. Lett. 64, 220 (1990).
5J. A. Simmons, H. P. Wei, L. W. Engel, D. C. Tsui, and M.
Shayegan, Phys. Rev. Lett. 63, 1731 (1989).
6A. M. Chang and J. E. Cunningham, Solid State Commun. 72,
651 (1989); Surf. Sei. 72, 651 (1989).
7L. P. Kouwenhoven, B. J. van Wees, N. C. van der Vaarl, C. J.
P. M. Haarmans, C. E. Timmering, and C. T. Foxon, Phys.
Rev. Lett. 64, 685 (1990).
SJ. K. Wang and V. J. Goldman, Phys. Rev. Lett. 67, 749
(1991) .
9C. W. J. Beenakker and H. van Houten, Solid State Phys. 44, l
(1991).
IOJ. K. Jain and S. A. Kivelson, Phys. Rev. Lett. 60, 1542
(1988).
"L. I . G I a z m a n a n d R . I. Shekhter, J. Phys. C 1,5811 (1989).
I 2H. van Houten and C. W. J. Beenakker, Phys. Rev. Lett. 63,
1893 (1989).
I3P. A. Lee, Phys. Rev. Lett. 65, 2206 (1990).
14J. H. F. Scott-Thomas, S. B. Field, M. A. Kastner, H. I.
Smith, and D. A. Antoniadis, Phys. Rev. Lett. 62, 583 (1989).
15For recent experiments concerning Wigner crystalization in an
ungated two-dimensional heterostructure, see H. W. Jiang, H.
L. Stürmer, D. C. Tsui, L. N. Pfeiffer, and K. W. West, Phys.
Rev. B 44, 8107 (1991), and references Hierein.
